Introduction
The role of hydroxamic acids (of general formula RCONHOH; Scheme 1) in biology and bioinorganic chemistry cannot be underestimated due to their rich bioactivity originating from their inherent pharmacological, toxicological and pathological properties.
1,2 More specically these organic acids are able to act as efficient siderophores as well as effective selective enzyme inhibitors for histone deacetylase, ureases and prostaglandin H 2 synthases.
1 Such behaviour stems from their ability to bind strongly to numerous transition metal centres, rendering the catalytic active site impotent in the process and are therefore important ingredients in numerous therapeutic drugs.
1,2 This chelating ability is also the reason that hydroxamic acids have also been shown to act as effective ligands in the eld of coordination chemistry, 3 while industrial application lies in their use in the extraction and subsequent recovery of numerous transition metals (Fe, Co, Ni, Cu, Zn and Cd).
4
Our own work using the ligands 2-(dimethylamino)phenylhydroxamic acid (L 1 H 2 ) and 2-(amino)phenylhydroxamic acid Scheme 1 Generic molecular structure of the hydroxamic acid ligands used in this work (R ¼ Me; L 1 H 2 ; R ¼ H; L 2 H 2 ).
(L 2 H 2 ) has led to the synthesis of a family of pentametallic 12-MC Cu(II) -4 metallacrowns, 5 whose {Cu 5 (L x ) 4 } 2+ (x ¼ 1, 2) cores could subsequently undergo ligand addition and substitution in a controlled manner towards the premeditated formation of 1-and 2-D extended networks comprising {Cu 5 } metallacrown nodes. 6 Herein we present an addition to this work, with the synthesis, structures and magnetic characterisation of a family of novel Ni(II) cages of varying nuclearities and topologies. The 5 ](ClO 4 ) 2 $H 2 O (2) have similar cores, but differ in the number and nature of ligands bonded to the axial sites on the Ni(II) ions, with addition of pyridine converting square planar (s ¼ 0) Ni(II) ions in 1 to square-based pyramidal/ octahedral Ni(II) ions (s ¼ 1) in 2, introducing additional magnetic superexchange interactions to be "switched on". Variation in reactions conditions (metal salt, ligand type, base, solvent) leads to both a change in topology to non-metallacrown cages, and an increase in nuclearity from penta-to hepta-and nonametallic.
Results and discussion
Complex 1 is produced upon reaction of Ni(ClO 4 ) 2 $6H 2 O, L 1 H 2 and NaOH in MeOH (see Experimental section for full details), while 2 is made by simply adding pyridine to the same reaction. Systematic variation of the amount of pyridine used did not affect the identity of the isolate product, nor the number of bound pyridine ligands. Complexes 1 and 2 crystallise in the triclinic space group P 1 and monoclinic space group P2 1 /n, respectively. Pertinent crystallographic data is given in Table 1 . Complexes 1 and 2 (Fig. 1) Fig. 1 and S1 †). Although analogous in many ways, important structural differences between 1 and 2 lie in the coordination geometries at the metal centres. The central Ni(II) ion in 1 exhibits distorted octahedral geometry, possessing two axially ligated MeOH ligands (Ni1-O5 ¼ 2.153Å). Two of the four outer metal centres (Ni3 and s.e.) are ve coordinate and square based pyramidal, with s ¼ 0.08, 7 due to the presence of a single axially bound MeOH ligand (Ni3-O6 ¼ 2.036Å). The remaining two outer Ni(II) centres (Ni2 and s.e.) are not axially ligated, and thus are four coordinate and square planar in geometry. The addition of pyridine leads to different coordination at the Ni(II) centres in 2. Firstly the central nickel adopts a distorted square-based pyramidal conguration (s ¼ 0.34) with one axially bound pyridine ligand (Ni1-N13 ¼ 2.012Å). Likewise the outer ions Ni2 and Ni3 exhibit distorted square pyramidal geometries (s ¼ 0.34 and 0.15, respectively), each with one terminal pyridine ligand (Ni2-N3 ¼ 2.029Å, Ni3-N6 ¼ 2.036Å). Ni5 is the only six coordinate metal ion, possessing both axially and equatorially bound pyridine ligands (Ni5-N10 ¼ 2.135Å and Ni5-N11 ¼ 2.090Å respectively). The effect of this additional pyridine coordination is that the adjacent L 1 2À ligand signicantly distorts away from the {Ni 5 } plane, forcing it to bond at the axial Ni5 site via its -NMe 2 group (Fig. 1) . The outer Ni4 ion remains in a four coordinate square planar geometry, suggesting it to be the sole diamagnetic metal centre in 2 (vide infra). The axial pyridine ligands coordinated to Ni1, Ni3 and Ni5 appear almost superimposable when viewed along the plane of the molecule, lying at distances typical of (Fig. 1d) . Upon close scrutiny of 1 and 2 it becomes apparent that pyridine ligation has promoted a puckering of the {Ni 5 } core in 2 when compared to the near planar pentametallic skeleton in 1 (Fig. 1b cf. 1d) .
The {Ni 5 Fig. 2 , le). The pentametallic cages in 2 arrange themselves into 2D brickwork sheets along the ab cell diagonal, with these sheets lying in superimposable rows down c, as shown in Fig. 2 .
Despite numerous attempts we could not produce the analogous metallacrowns to 1 and 2 using L 2 H 2 . The formation of 1 and 2 adds to the relatively small number of 12-MC Ni(II) -4 metallacrowns known in the literature, 8 and are the rst constructed using 2-(dimethylamino)phenylhydroxamic acid (L 1 H 2 ). Interestingly the general 12-MC Ni(II) -4 framework also appears as a building block within the elaborate and rather unusual fused metallacrown dimer Ni(II) 2 (mcpa) 2 (CH 3 OH) 3 As previously communicated by one of us, 10 6 ](SO 4 )$ 15H 2 O (3), a complex whose structure deviates signicantly from the metallacrowns of 1 and 2. The core in 3 (Fig. 3) shows a trigonal bipyramidal array (or alternatively two face-sharing tetrahedra) of nickel(II) ions (Ni2-Ni6) with an extra two metal centres annexed at the apical sites (Ni1 and Ni7 
was readily produced using a similar synthetic procedure (see Experimental section for details). Complexes 4 (Fig. S3 †) and 5 ( Fig. 4) The individual {Ni 9 } units in 4 arrange in the common brickwork motif along the bc plane (Fig. 5, le) and are connected to one another via p centroid -p centroid stacking interactions between hydroxamate aromatic rings of neighbouring {Ni 9 } units ([C 8 -C 13 ]/[C 15 -C 20 ] ¼ 3.605Å). These sheet-like arrangements stack in superimposable rows along the a cell direction to complete the topology in 4 in the crystal (Fig. 5,  le) . The [Ni 9 ] cages in 5 also arrange themselves in the brickwork motif along the ac plane of the unit cell, these 2D sheets stack in a staggered arrangement as opposed to the superimposable rows observed in 4 (Fig. S4 †) . In a similar fashion to 4, p centroid -p centroid stacking interactions connect the individual [Ni 9 ] nodes in the brickwork topology ([C 9 -C 14 ]/[C 58 -C 63 ] ¼ 3.538Å) and this is aided by numerous H-bonding interactions between aliphatic protons of the hydroxamate ligands (-NH 2 and ¼ NH groups) and waters of crystallisation-effectively acting as molecular mortar in the packing in 5 (i.e. N17(H17B)/O28 ¼ 2.386Å).
It is somewhat difficult to rationalise the change in structure from 1 and 2 (Ni 5 ) to 3 (Ni 7 ) on producing complex 4 over 3 cannot be ignored in terms of structure-directing inuences.
Theoretical determination of paramagnetic centres in complexes 1 and 2
Complexes 1 and 2 each possess ve Ni(II) ions displaying a total of three different [distorted] geometries -square planar, squarebased pyramidal and octahedral. Square planar Ni(II) ions are generally diamagnetic, whereas square-based pyramidal Ni(II) ions can be either diamagnetic or paramagnetic depending on the axial ligand strength.
11 Ni(II) ions in octahedral environments on the other hand are always paramagnetic in nature. To conrm the electronic structure of these metal ions we have performed DFT calculations employing varying combinations of spin states (s ¼ 0 versus s ¼ 1) at each of the Ni(II) centres in 1 and 2 (Fig. 6) . We began by assuming that all the Ni(II) ions in complex 1 were paramagnetic (s ¼ 1) and then gradually decreased the number of paramagnetic centres while increasing the number of diamagnetic (s ¼ 0) metal ions. Five different spin states have been computed for 1 giving rise to triplet ground states for Ni1 (octahedral), Ni3 and Ni3A (square pyramidal). All other congurations outlined in Fig. 6 lie much higher in energy compared to our calculated ground spin state conguration and thus are unlikely to be accessible at ambient conditions; that is, square planar Ni2 and Ni2A have isolated s ¼ 0 ground states and we can conclude that all experimental magnetic properties in 1 are exclusively due to paramagnetic (s ¼ 1) ground state congurations at the Ni1, Ni3 and Ni3A positions. In a similar vein, ve different congurations were computed for complex 2. Here, it was found that Ni(II) centres Ni1, Ni2, Ni3 and Ni5 are paramagnetic (s ¼ 1) and square planar Ni4 diamagnetic (s ¼ 0), with all other possible cong-urations lying higher in energy. However unlike complex 1, these excited state congurations lie somewhat closer than in 1, with the rst excited state lying 42 kJ mol À1 above the ground state (Fig. 6, right) .
Magnetic susceptibility measurements
Dc magnetic susceptibility measurements were performed on powdered microcrystalline samples of 1-3 and 5 in the 300-5 K temperature range, in an applied eld of 0.1 T, and are plotted as their c M T products in Fig. 7 . For the pentametallic species 1 and 2, the room temperature c M T values of 3.55 cm 3 mol À1 K (1) and 3.43 cm 3 mol À1 K (2) are below that expected for three (3.63 cm 3 mol À1 K) and four (4.84 cm 3 mol À1 K) non interacting, paramagnetic Ni(II) centres, assuming g ¼ 2.2. Both show a steady decrease in c M T upon decreasing temperature (although the curve in 2 is steeper than that in 1), reaching values of 1.28 and 1.10 cm 3 mol À1 K at 5 K, respectively. This is indicative of the presence of dominant intramolecular antiferromagnetic interactions in both complexes, with the exchange in 2 being somewhat stronger than in 1. For the interpretation of the magnetic properties of 1 and 2 we employed the models given in Fig. 8 . Here, J 1 is the isotropic exchange interaction parameter between the central Ni ion and the paramagnetic ions that surround it, mediated by one Ni-O-Ni and one Ni-O-N-Ni interaction; J 2 describes the interaction around the outer 'wheel' between the peripheral Ni ions, mediated by one Ni-O-N-Ni interaction.
12 The best-t parameters obtained were J 1 ¼ À3.51 cm À1 (1) and J 1 ¼ À16.87 cm À1 and J 2 ¼ À7.83 cm À1 (2). The ground state of 1 is an S ¼ 1 state, and the ground state in 2 is also an S ¼ 1 state, but with an S ¼ 0 state just 1.43 cm À1 above (Fig. 9) . The indi-
and Ni1-O6-Ni5 ¼ 115.18 ) each lie in the range expected for mediating antiferromagnetic exchange, with larger angles mediating stronger interactions as observed experimentally.
13,14
Magnetic susceptibility studies on complex 5 also show the presence of dominant antiferromagnetic exchange between the Ni(II) centres (Fig. 7) , but the data for complex 3 suggests more competition between ferro-and antiferromagnetic exchange. 
2). For complex 5, the value decreases monotonically with decreasing temperature, reaching 1.14 cm 3 mol À1 K at T ¼ 5 K. The variable T data for 3 are a little more complex. The c M T product decreases steadily but slowly to approximately T ¼ 25 K where it then plateaus at a value of $4.5 cm 3 mol À1 K, before decreasing again at lower temperatures, reaching a minimum value of 3.95 cm 3 mol À1 K. The structural complexity of 3 and 5 precludes detailed quantitative analyses of the susceptibility data, since there are numerous different exchange interactions. However, the magnitude of the exchange can be estimated through the employment of simple models. In each case we attempted to t the susceptibility with just one J value, assuming all Ni/Ni interactions to be of similar magnitude. This approach was successful for complex 5 and afforded J 1 ¼ À5.27 cm À1 with g xed to 2.2. For complex 3, this approach did not work and two J values were required ( Fig. S5 †) ; one (J 1 ) to describe Ni ions connected by a one-atom (Ni-O-Ni) bridge, and one (J 2 ) to describe Ni ions connected by two-atom (Ni-O-N-Ni) bridges. This afforded the best t parameters J 1 ¼ +0.64 cm À1 and J 2 ¼ À8.94 cm À1 (3) with g xed to 2.2. These numbers are a guide only, but are similar to structurally similar Ni(II) cages previously reported in the literature.
Theoretical studies of the magnetic exchange in complexes 1 and 2
DFT studies were carried out to compute the intramolecular magnetic exchange coupling in complexes 1 and 2. More specically we computed the energies of four different spin congurations to obtain two exchange coupling constants corresponding to the ground state in 1 (see Table S1 † for all computed congurations). Since complex 2 is asymmetric, ve independent J values were computed using seven different spin congurations (see Table S2 † for all computed congurations). The corresponding Hamiltonians for 1 and 2 are given in the computational details section and all computed magnetic coupling constants calculated for complex 1 and 2 are shown in Fig. 10 . Calculations on complex 1 yielded weak antiferromagnetic J values (J 1A ¼ J 1B ¼ À0.4 cm À1 ) in agreement with those obtained experimentally, albeit somewhat smaller in magnitude. The computed spin density plot for the high spin conguration (an S ¼ 3 state) in 1 is shown in Fig. 11 and clearly shows dominant spin delocalization leading to AF coupling. Computed overlap integrals support this argument where signicant overlap between d x 2 -y 2 orbitals is detected (see Table S3 † for details 5 ] complexes occurs in the plane of the molecule, and the relative (albeit small) differences in the exchange interactions between complexes 1 and 2 can be explained and visualised through the orientations of their molecular orbitals. While all paramagnetic Ni(II) ions in complex 1 have their d x 2 -y 2 orbitals in the {Ni 5 } plane, Ni5 in complex 2 does not; here the d z 2 orbital lies in the plane (Fig. 12b) . The AF magnetic pathways in 2 arise because of signicant overlap between the d x 2 -y 2 and d x 2 -y 2/d z 2 magnetic orbitals as shown in Fig. 12b . Likewise, a signicant d x 2 -y 2|p|d x 2 -y 2 overlap along the Ni1/Ni2 vector was detected, supporting a strong antiferromagnetic J 1A (see Table S4 †). The spin density plot shown in Fig. 11 reveals that a dominant spin delocalization mechanism is operative in 2, with larger spin densities residing on the O-atoms.
Concluding remarks
The hydroxamic acids 2-(dimethylamino)phenylhydroxamic acid (L 1 H 2 ) and 2-(amino)phenylhydroxamic acid (L 2 H 2 ) have been successfully used as bridging ligands in the synthesis of a family of Ni(II) cages ranging from penta-to nonametallic. Addition of pyridine to the reaction mixture that produces the 12-MC Ni (5), which display metallic skeletons comprising two bi-capped, face-sharing tetrahedra in 3 and two annexed tetrahedra in 4 and 5. The linear arrangement of three antiferromagnetically coupled Ni(II) centres in 1 leads to a S ¼ 1 ground state. Dominant antiferromagnetic exchange is also present in complexes 2 and 5, but competing ferro-and antiferromagnetic exchange between the seven nickel centres in complex 3 leads to the stabilisation of an intermediate ground spin state. DFT calculations were employed to ascertain the electronic structure of the Ni(II) centres in complexes 1 and 2, conrming the presence of three and four paramagnetic, s ¼ 1, Ni(II) centres, respectively. DFT computed magnetic exchange interactions nicely reect experimental observations, and overlap between the magnetic orbitals can be employed to rationalise the nature and magnitude of the interactions.
Experimental section
Infra-red spectra were recorded on a Perkin Elmer FT-IR Spectrum One spectrometer equipped with a Universal ATR Sampling accessory (NUI Galway). Elemental analysis was carried out at the School of Chemistry microanalysis service at NUI Galway. Variable-temperature, solid-state direct current (dc) magnetic susceptibility data down to 5 K were collected on a Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T dc magnet. Diamagnetic corrections were applied to the observed paramagnetic susceptibilities using Pascal's constants. ESI Table  S4 † for computed overlap integral values).
